The serine proteinase inhibitor from barley seeds, chymotrypsin inhibitor 2 (CI-2), has been crystallized in a molecular complex with subtilisin Novo (EC 3.4.21.14). The crystal structure of this complex has been determined at 2.1-A resolution by the molecular replacement method and partially refined by restrained-parameter least-squares methods. The present crystallographic R factor (ZIIFoI -IFcII/ZIFoI) is 0.193. CI-2 is a member of the potato inhibitor 1 family; it is a serine proteinase inhibitor lacking disulfide bonds. Comparison of the subtilisin molecule in this complex with the native subtilisin shows that the two molecules are very similar in structure. The inhibitor binds in a mode presumably resembling that of a true substrate, but it is not cleaved. This is in accord with the reported structures of other serine proteinaseinhibitor complexes. CI-2 consists of a four-stranded mixed parallel and antiparallel f3-sheet against which an a-helix packs to form a hydrophobic core. A wide loop crossover connection between parallel strands 2 and 3 of the ,B-sheet contains the reactive-site bond. The conformation of the four residues to either side of the reactive-site bond is similar to that of the analogous residues in the third domain of the turkey ovomucoid inhibitor (Kazal family); the overall polypeptide chain fold ofthese inhibitors and the location of the reactive site in the respective chains are different.
Protein inhibitors of the serine proteinases have been grouped into several families based on sequence homologies (1) . Members of five of these families have been studied by x-ray crystallography; for some, the structures of both the native state and the enzyme-inhibitor complexes are known. These studies, combined with kinetic and biochemical data, have demonstrated that the inhibitor binds to the enzyme tightly in the manner of a good substrate, but it is cleaved at a very slow rate. The inhibition results primarily from the tight binding and slow release of the inhibitor from the enzyme. In addition, some electrostatic and hydrogen-bonding interactions have been identified (2) (3) (4) that may contribute to the slow hydrolysis of the inhibitor by preventing the formation of the required tetrahedral intermediate in the transition state.
Chymotrypsin inhibitor 2 (CI-2), a protein from the seeds of the Hiproly strain of barley, is a member of the potato inhibitor 1 family of serine proteinase inhibitors (5, 6) . This family also includes eglin, an inhibitor from the leech Hirudo medicinalis. In contrast to most proteinase inhibitors, these two lack stabilizing disulfide bonds; thus, their three-dimensional structures are of interest in determining features that contribute to their stability and inhibitory properties. Crystals of native CI-2 have been reported (7) . Subtilisin Novo (EC 3.4.21.14) is a bacterial serine proteinase from Bacillus amyloliquefaciens. The structure of the native enzyme has been determined by x-ray crystallography and is similar to that of subtilisin BPN' (EC 3.4.21.14) (8, 9) .
The two subtilisins are chemically identical; the two names simply reflect different biological sources. Subtilisin Novo forms a tight 1:1 complex with CI-2 (10).
Two families of serine proteinase inhibitors have been studied extensively by x-ray crystallography: the Kunitz family, which includes pancreatic trypsin inhibitor (11) , and the Kazal family, which includes the avian ovomucoid inhibitors (3, 4, 12) . Two of the important results from these structural studies are that the reactive-site bonds of these inhibitors are not cleaved in an enzyme-inhibitor complex, and that there is a close approach of the 0" of the active site serine to the carbonyl-carbon atom of the P1 ¶ residue of the inhibitor (=2.7 A). A tetrahedral enzyme-inhibitor adduct is not formed (1, 14, 15) .
We report here the crystal and molecular structure analysis of the complex of CI-2 and subtilisin Novo, refined to a crystallographic R factor l of 0.193 for the data in the resolution range 6.0-2.1 A.
MATERIALS AND METHODS
Crystallization. Purified lyophilized CI-2 was prepared in the Carlsberg Research Center, Copenhagen (10, 16) , and subtilisin Novo was a gift from Novo Industry (Bagsvaerd, Denmark). CI-2 consists of 83 amino acid residues ( Fig. 1) and has a molecular weight of 9250 (17) . Subtilisin Novo has 275 amino acid residues and a molecular weight of 27,400 (18) .
Plate-like crystals of the complex are grown by the hanging-drop vapor-diffusion method from a solution of 1 (21) , partially refined to an R factor of 0.44 at 2.5 A resolution (22) . The rotation search was performed with the fast rotation function (23); the highest peak in the rotation function map, corresponding to the correct solution, was 12.7 of above the mean and 8.5 of above the second highest peak. The translation search algorithm was a correlation coefficient search on JFt2.
The highest peak in the translation function map was 8.0 of above the mean.
The coefficients for all electron-density maps used in this structure solution were derived from an expression designed to suppress model bias resulting from phasing by partial structures with errors (R. J. Read, personal communication). The MMS-X interactive graphics system (24) with the macromolecular modeling system M3, developed by C. Broughton (25) , was used for map interpretation and model fitting.
Refinement. The restrained-parameter least-squares refinemelit program of Hendrickson and Konnert (26) , modified by Furey (27) , and locally by M. Fujinaga for the FPS164 attached processor, was used. After 40 cycles of refinement, the R factor was reduced from 0.387 (6.0-2.8 A resolution) to 0.193 (6.0-2.1 A resolution). Table 1 summarizes the results for the most recent cycle.
The tracing of the polypeptide chain of CI-2 was completed after cycle 28 . The NH2 terminus of CI-2 is subject to proteolytic cleavage during purification ( Fig. 1 ) (10) , and residues 11-171 may not be present in the complex (an "I" follows the sequence numbers of the inhibitor residues to distinguish them from those of the enzyme). Residues cannot be seen in the current map and may be disordered.
RESULTS AND DISCUSSION Structure of CI-2. The CI-2 molecule is a wedge-shaped disk of approximate dimensions 28 x 27 x 19 A, with the reactive-site loop at the narrow end of the wedge. Fig. 2a is a drawing of the secondary structural elements in CI-2. In order from NH2 to COOH terminus, these elements are as follows: strand 1 of the /3-sheet, residues Thr-221-Trp-24I; a type III reverse turn, Trp-24I-Leu-271; a type II reverse turn, Leu-271-Lys-301; 3.6 turns of a-helix, Ser-311-Lys-43I; a type I reverse turn, Lys-43I-Ala-461; strand 2 of the ,-sheet, Table 2 , and Fig. 3 shows many of these interactions in the active site.
There are far more intermolecular contacts of CI-2 with subtilisin involving residues P4-P1 than residues P'1-P'. This is also seen in other serine proteinase-inhibitor complexes (2, 4) . Residues Ile-561-Met-591 (P4-Pl) form the central strand of a short three-stranded antiparallel p-sheet with Gly-100-Gly-102 and Ser-125-Gly-127 of subtilisin Novo. This interaction is different from that of Streptomyces subtilisin inhibitor (SSI, SSI family) with subtilisin BPN' (29) . In the SSI-subtilisin complex, residues Gly-102-Tyr-104 form a ,B-sheet with P4-P6; P2 of SSI is a proline and its imino nitrogen cannot form the hydrogen bond with the carbonyl oxygen of Gly-100 that is seen for Thr-58I of CI-2. In the CI-2-subtilisin complex, the NH ofTyr-104 is too far from the inhibitor to form a hydrogen bond to the CO of Gly-54I (P6) (Fig. 3) . The ,-sheet interactions of P1 and P3 are similar in the two complexes.
*The values of a, in parentheses, are the input estimated standard deviations that determine the relative weights of the corresponding restraints (26). The primary binding pocket in subtilisin, S1, is very similar to the analogous pocket in a-chymotrypsin (EC 3.4.21.1) (31) . The atoms of the main chain segments Ser-125-Gly-127 and Ala-152-Asn-155 form the walls of this pocket (Fig. 3) . In addition, the P1 residue has many contacts with Thr-220-Ser- (Fig. 3) . P4 residue, Ile-561, fits nicely into the S4 hydrophobic pocket in the enzyme formed by Leu-96, Tyr-104, Ile-107, Leu-126, Gly-127, and Gly-128. P4 and P1 account for 48% of all the intermolecular contacts in Table 2 .
On the COOH-terminal side of the scissile bond, the side chain of Asn-155 is within contact distance of the main-chain atoms of Glu-601, but it is too far away for hydrogen bonding. The NH of Tyr-61I forms a hydrogen bond to the CO of Asn-218; the Tyr-61I side chain stacks with Phe-189 in a hydrophobic interaction. Near the COOH terminus of CI-2 Arg-811 stretches across to form a salt bridge with Glu-156.
In the CI-2-subtilisin complex the "secondary contact region" (29) consists of Ile-491 and Leu-511 side chains with contacts to the enzyme of <4.0 A. There are no intermolecular hydrogen bonds in this region. Fig. 4 shows the electron-density map in the region of the active-site residues, Ser-221 and His-64. A difference electron-density map of this region, calculated excluding inhibitor atoms, also shows strong continuous electron density at the scissile bond. This indicates that the inhibitor is uncleaved in the complex. The distance from OV of Ser-221 to the carbonyl carbon of Met-59I (P1) is 2.5 A, similar to the equivalent distance in other serine proteinase-inhibitor complexes (4). The position of His-64 and Ser-221 relative to the scissile bond of the inhibitor is comparable to that of the analogous residues in the pancreatic-type serine proteinases (3). The NH of Met-59L (P1) in CI-2 forms a long hydrogen bond of 3.3 A to the carbonyl oxygen of Ser412S of subtilisin. This is characteristic of an incipient tetrahedral intermediate (32) and is also observed for OMTKY3-SGPB (3, 4) Three of these are close to the Gly-100-Gly-102 loop, and the remainder are in extended loops on the surface of the protein.
Comparison with Other Inhibitors. The sequences around the reactive-site bonds for the potato inhibitor 1, Kazal, SSI, and Kunitz families of serine proteinase inhibitors are very similar (1) . Although the homologies in this region are strong, sequence comparisons and x-ray crystallographic studies have shown the remainder of the polypeptide chain to be highly dissimilar among members of different families. The similarity of the reactive-site loops in CI-2 and OMTKY3 (4) can be seen in Fig. 5a , as well as the very different chain folding in the remainder of each molecule. A least-squares superposition of main-chain plus CO atoms for residues P4-P 3 gives a rms deviation in atomic positions of 2.0 A. This is a significant difference that is spread along the entire region; whether the source of this difference lies in the interaction of the loop with the cognate enzyme or with the body of the inhibitor may be determinable on further refinement and comparisons.
The relative inflexibility of the reactive-site loop in OMTKY3 is thought to be important to its inhibitory nature (4 subtilisin only temporarily and enzyme activity is regained slowly.
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